Abstract Plasma source is the most important part of the laboratory plasma platform for fundamental plasma experimental research. Barium oxide coated cathode plasma source is well recognized as an effective technique due to its high electron emission current. An indirectly heated oxide coated cathode plasma source has been constructed on a linear magnetized plasma device. The electron emission current density can reach 2 A/cm 2 to 6 A/cm 2 in pulsed mode within pulse length 5-20 ms. A 10 cm diameter, 2 m long plasma column with density 10 18 m −3 to 10 19 m 3 and electron temperature Te 3-7 eV is produced. The spatial uniformity of the emission ability is less than 4% and the discharge reproducibility is better than 97%. With a wide range of the plasma parameters, this kind of plasma source provides great flexibility for many basic plasma investigations. The detail of construction and initial characterization of oxide coated cathode are described in this paper.
Introduction
Emission of thermal electrons from oxides has been known for more than a hundred years. The mixtures of BaO, SrO and CaO are commonly used as the emitting materials for thermionic vacuum tubes [1−3] , because of their low ionization energy (∼1 eV) and high emission current density (1-10 A/cm 2 ) at low working temperature (700
• C-1000 • C) [4] . In the technology of thermionic electrons emission, significant improvements have been made in recent years with the advent of modern surface analytical capabilities [1] . In electron devices, the cathode is one of the most important parts which provide free electrons. The same technique has also been applied for plasma research in recent decades [5−8] . An oxide coated cathode plasma source contains three main parts: cathode, anode and heater. Electrons are emitted from the heated cathode, accelerated and injected into the inert gas. Uniform, quiet and high density plasma can be produced by the interactions of electrons and atoms. Usually, the coated cathode working temperature is from 750
• C to 1000
• C. Plasma densities are up to 10 18 m −3 -10 19 m
−3
and electron temperature is about 3-7 eV when the cathode operated in pulse mode with pulse length 5-20 ms. Emission ability changes less than 3% from pulse to pulse and almost no effect by magnetic field when ion cyclotron radius is far less than cathode size [5] . The lifetime of the coating is several weeks when the source is operated in the pulsed mode. It is one of the best plasma sources to produce large and uniform plasma. This paper will depict to the whole process of the construction of a large oxide coated cathode plasma source in the laboratory. Also the activation and the operation process are given in detail. The rest of the paper is divided into seven sections. Section 2 introduces the main structure of the oxide coated cathode. Section 3 describes the substrate metal plate and emitting material preparation. Section 4 analyses the thermal and discharge activation of the cathode coating layer. The discharge status and plasma properties are shown in section 5. Section 6 shows the impact of the oxygen on the emission ability. Section 7 depicts the improvement of the electron emission ability of the oxide coated cathode. A summary is given in section 8.
2 Main structure of the barium oxide coated cathode plasma source
Barium oxide coated cathodes usually include three major different parts: cathode, anode and heater. The most important elements of the oxide cathode source are shown in Fig. 1(a) . The cathode plate is a 10 cm Fig.1 (a) The main components, (b) and (c) show the detailed structure of the source. (d) A picture of a working cathode diameter, 0.5 mm thick circular nickel plate installed on a floating nickel supporting ring. Heating flux is provided by a 12 cm diameter circular heater sitting at the backside of the cathode plate. A reflector box is installed surrounding the heater and cathode to reflect and shield the heating flux. The anode is a stainless mesh grid with transmittance 80% mounted on the shielding box and the anode location is cm away from the cathode. The anode is attached to and isolated from the cathode structure by four stainless bolts with ceramic elements.
Tantalum wire with 0.5 mm diameter is used for the heating filaments. 5 parallel wires are enveloped in an alumina ceramic tube with 4.8 mm external diameter and 3.5 mm internal diameter. Tantalum is soft enough to bend and cuts easily at room temperature. Its melting point is as high as 2995
• C. All these advantages of Tantalum and its reasonable price are the reasons why we choose it as the heating material. Alumina tubes with 99.9% Al 2 O 3 can work well under 1500
• C, which is the highest filaments working temperature. In order to optimize heat loss and heating power, the shape of the heater is designed to be a circular plate. The ceramic tubes are supported by a nickel ring with 3 mm thick. The ceramic tubes are cut into different specific lengths to keep them in a round shape. Cathode area is 70% of the heater area, which helps keep the cathode temperature uniform and reduces the heat loss to the vacuum chamber. The rear reflecting plate is also important to reduce heat loss and improve heating efficiency. The first reflecting plate is located 8 mm away from the heating surface. Two additional metal reflecting plates are inserted between the shielding box and the flange. The power supply of the heating filaments is a DC power with maximum output 2 kW and current up to 100 A. A heated cathode with temperature 850
• C is shown in Fig. 1(d) . The homogeneous red color indicates that the cathode temperature distribution is very uniform. The temperature difference between plate edge and center is less than 2%. The nonuniformity of the temperature has a serious effect on the electron emission ability of the coating, thus to the plasma profile.
The cathode plate and anode grid are isolated. There are four binding posts located on the end flange on which the whole plasma source is installed. Two of them are connected to the heating filaments. The other two are connected to the cathode and anode separately. The end flange with the whole plasma source is attached to one end of the stainless experimental chamber with a water jacket 3 Substrate metal and emitting material preparation
Substrate metal plate preparation
The substrate metal used for the barium oxide cathode is nickel. Many investigators have studied the relations between the chemical composition of the nickel and the current emissivity of oxide cathode [2] . The nickel sheet model number is Ni6 (GB5235-85) which used as the substrate metal. The datasheet shows that the chemical composition is: Ni + Co ≥ 99.5%; Cu ≤ 0.06%; Si ≤ 0.1%; Mn ≤ 0.05%; C ≤ 0.1%; Mg ≤ 0.1%; S ≤ 0.005%; P ≤ 0.002%; Fe ≤ 0.1%; Pb ≤ 0.002%. They are very close to Kolh's recommendation. If it is the first time the nickel sheet is to be used as the cathode substrate, we need to bake it for more than ten hours in a vacuum to get rid of other impurities and greasy dirt from the process of machining. The sheet has to be abraded by aluminum oxide abrasive paper or cloth before spraying. The abrasive paper with a grit range of p150-p300 is used. Then we clean the sheet with 100% polyester double knit and alcohol as other cleaning cloths may leave fibers on the surface of the substrate metal.
Emitting material preparation
Alkaline-earth metallic oxides are good electron emitting materials in a vacuum at high temperature. Many researchers recommended that co-precipitate mixtures of alkaline earth emission ability are better than mixed triple carbonate [2, 3] . However, our experimental results prove that the home-made triple carbonate mixture with simple mechanical mixing on LMP performs excellently. The triple carbonate mixtures are prepared with chemically pure (purity above 99%) BaCO 3 : SrCO 3 : CaCO 3 = 60: 34: 6 percent by weight. The triple carbonate powder with a weight of 50 g and 75 mL isoamyl acetate or acetone are put inside a high alumina ceramics jar and ball milled for 15 hours at a speed of 230 r/min. Through this process, most of the carbonate granules diameters are smaller than 1 µm (shown in Fig. 2 ). The emissive ability increases as the size of granules decreases [9−12] . The mixture and 75 mL nitrocellulose are stirred for 30 min at the speed of 180 r/min by the ball mill machine before use. To achieve a homogeneous coating layer, a powerful spray gun is used to eject the mixture on the substrate. Once the mixture is prepared and the nickel sheet is cleaned and dried, the nickel sheet is placed on a turntable with a rotating speed of about 20 rpm [6] . The turntable is covered by a cylindrical metal drum and the spray gun is located 30 cm over the sheet. Dry argon or nitrogen gas is used as propellant. To get a 50 µm to 80 µm thick uniform coating [3, 13] we need to spray the mixture 2 to 4 times onto the plate. Between two sprayings, 20 min to 45 min are needed to dry the mixture. The coating thickness varies by less than 2% measured by the coating thickness gauge when the coating is dry.
4 Thermal and discharge activation of the coating layer
Thermal activation
In order to make a better understanding of cathode activation, a feasible way is the analysis of the composition of gas emitted from the heating cathode [3, 5, 14] . A residual gas analyzer (RGA) is used to monitor the gas species and the partial pressures in the chamber.
The coating solution consists of carbonate and nitrocellulose. Several kinds of gases, such as (CO, CO 2 , H 2 O, NO x ) are produced when the coating material decomposes in high temperature. As shown in Fig. 3 , water is the major constituent in the vacuum chamber before heating. The heating filaments and cathode bake the vacuum chamber when the heating power source is turned on.
The water vapor is pumped out speedily. Nitro-cotton is resolved into
• C to 450 • C which is clearly shown in the purple region in Fig. 3 . The first kind of gas NO x achieves the peak value at 180
• C, then decreases after the cathode temperature reaches 350
• C. Water partial pressure reaches peak value again at around 300
• C and then decreases with the cathode temperature increasing during the whole phase of carbonate thermal decomposition. CO 2 reaches the first peak value at about 300
• C and achieves the minimum value at 450
• C when the nitro-cotton decomposition is finished. In this process of nitro-cotton decomposition, the content of CO pressure keeps constant. 500
• C is a very important stage for coating conversion, corresponding to the end of nitro-cotton thermal decomposition and the beginning of carbonate decomposition. CO reaches the maximum value at temperatures from 600
• C to 680
• C; they are produced by the reaction of CO 2 and the residual carbon in the coating. A lot of carbon atoms have been generated in the process of nitrocotton thermal decomposition. The reaction (C + CO 2 → 2CO) happens when the cathode temperature reaches the reaction temperature. So the maximum value of carbon monoxide partial pressure appears at 600
• C and the carbon dioxide partial pressure falls at the same time. Fig.3 The evolution of partial pressure of gases during the thermal activation. The purple region shows the nitro-cotton thermal decomposition.
The carbonate decomposition is marked in the pink region. The yellow region shows the oxidation reduction in high temperature A further reaction of carbonate decomposition produces more CO 2 when the cathode temperature increases which is marked as yellow in Fig. 3 . Some CO and H 2 O are produced and pumped out rapidly before the cathode temperature reaches 880
• C. As the cathode temperature increases, the carbonate decomposition ends at 950
• C. Some barium atoms are produced by the reaction of C + BaO → Ba + CO when the cathode temperature is higher than 900
• C. The whole process of thermal decomposition lasts about 24 hours. More barium atoms can be produced by keeping the cathode temperature over 1000
• C for few minutes [2, 3, 13] . The whole operation is called thermal activation. If the cathode is kept for hours in a vacuum at a high emission temperature instead of thermal activation, a good emission state can also be achieved [5] . Both methods are aimed at getting a lower coating conductivity and higher emission ability.
Discharge activation
When thermal activation is finished and the pressure is below 10 −4 Pa, discharge activation starts [2, 3, 13, 14] . A uniform magnetic field is very helpful for the building of the current channel [5, 15] . The typical discharge voltage for argon is set to 25 V to 45 V and the neutral pressure is 1×10 −2 Pa to 7×10 −2 Pa. For helium plasma, the discharge voltage is 40 V to 70 V and pressure is 1×10 −2 Pa to 0.1 Pa. Discharge pulse length is 15 ms. The typical evolution of discharge current in the process of discharge activation is shown in Fig. 4 . Argon is used as the working gas. The cathode temperature is fixed to 850
• C. The emission current as a function of time can be divided into three phases: logarithmic growth vs seconds, logarithmic growth vs hours, and the steady stage. At the first minute, discharge current climbs suddenly and sharply. This phase is shown at the lower right of Fig. 4 . The discharge current density rises logarithmically from 2.5 A/cm 2 to 3.5 A/cm 2 in 60 s. It increases nearly 1.5 fold. In the second phase which is marked as pale blue in Fig. 4 the emission current density ascends logarithmically in 6.1 hours. In this phase, discharge current oscillates and grows like steps with time from 1.6 hours to 6.1 hours. The last phase is a stationary phase shown in the cyan region in Fig. 4 . A high density, uniform, repeatable plasma is achieved after 6 hours of discharging activation. Usually, an activated cathode discharge current density is 3 A/cm 2 to 6 A/cm 2 . The discharge current difference is less than 3% from pulse to pulse. Fig.4 The evolution of discharge current during discharge activation
Normal discharge mode
To achieve high density plasma, the cathode is operated in pulsed mode with pulse length 5-30 ms on LMP. The discharge voltage is controlled by an insulated gate bipolar transistor (IGBT). The voltage waveform can be built up and turned off in 5 µs. The typical discharge waveforms are shown in Fig. 5 . The cathode is biased negatively with respect to the chamber and anode. Fig. 5(b) shows two typical discharge current waveforms. The rising time depends on discharge voltage, neutral gas pressure and magnetic field. Generally, a higher pressure and discharge voltage result in a shorter rising edge. The blue line with a square symbol is obtained under the condition of discharge voltage 32 V, pressure 1.5×10 −2 Pa, and an axial magnetic field of 600 Gauss. The red line with a red diamond symbol is achieved under the conditions of discharge voltage 35 V, pressure 5×10 −2 Pa, and a magnetic field of 600 Gauss. The emission current fluctuation δI/I is less than 0.45%, which means that the oxide cathode provides very quiet plasma for research. Fig. 6 shows the plasma density distributions for different values of magnetic field which are measured by a moveable Langmuir probe. The emission current is 3 A/cm 2 and plasma density is 4×10 18 m −3 . The peak value of the density gradient locates at the same region r ∼ 4 cm with different magnetic fields [16, 17] , which is very helpful for the investigation of turbulence transport and zonal flow. The typical performance of the oxide plasma source is shown in Fig. 7 . Fig. 7(a) shows the cathode emission current density as a function of cathode temperature for an argon discharge. All the shots are measured under the conditions of discharge voltage 40 V, neutral pressure 5 × 10 −2 Pa, and an axial magnetic field of 300 Gauss. The cathode temperatures are measured before discharging. The emission current increases exponentially with the cathode temperature rising above 700
• C. It is different with the relation between the electron tube emission current and temperature [2, 3, 9] . The coating is also self-heated by the discharge current when the emission ability is increasing. As the discharge current increases, the coating temperature increases and conductivity decreases [9] . A similar phenomenon is also shown in Fig. 7(b) . The discharge current increases rapidly with discharge voltage too. The natural logarithm of the cathode emission current is proportional to the square root of the discharge voltage (Fig. 7(c) ) [3, 9, 18, 19] . 6 The recovery after oxygen poisoning
Alkaline-earth metal is very active. A chemical reaction on or in the coating, which results in a decrease in the emission ability and an increase in the ionization energy, is called poisoning [3, 9] . O 2 , H 2 O, and CO 2 are the principal gases which cause poisoning. Oil vapor can poison the cathode too. To prevent poisoning, the cathode has to be placed in a good vacuum background where the partial pressure of oxygen should be less than 1× 10 −7 Pa. The emission ability can recover if the active coating layer is exposed in oxygen partial pressure below 0.05 Pa for a short time. Fig. 8 shows the evolution of the emission ability when air leakage occurs. The oxygen partial pressure reaches 1 × 10 −3 Pa and lasts for 3 min. The emission current falls sharply in the first minute and drops by 75%. After the leakage is stopped, the current increases slowly and reaches 98% of its original value in 30 min; it is very difficult to be restored to the original value. If the cathode is exposed in a higher pressure oxygen environment for a long time, the coating cannot be recovered except by backfilling with reduction gas (H 2 or CH 4 ) and keeping discharge activation for hours [3] . Fig.8 The evolution of discharge current when an air leakage happens (oxygen partial pressure 1×10 −3 Pa, neutral pressure 6×10 −2 pa, discharge frequency 1 Hz)
Improvement of the electron emissivity
Though we can operate the coating source with the maximum discharge current density as large as 9 A/cm 2 to 10 A/cm 2 , a 1-5 mm diameter coating will usually be blown off the cathode in this extreme working condition. This phenomenon is called sparking [9, 14, 18, 19] . The discharge current increases to an abnormal value sharply during a sparking event. In order to improve the emissivity of the coating in the normal operation condition, 5% Sc 2 O 3 is mixed with carbonate mixture by weight on LMP. Ba 3 Sc 4 O 9 is produced by the reaction between Sc 2 O 3 and BaO at high temperature, which can decrease the coating resistivity and expand the cathode emission capacity [20] . The discharge current density higher than 18 A/cm 2 and plasma density over 10 19 m
−3
have been achieved on LMP as shown in Fig. 9 . The coating temperature increases from 950 • C to 1050
• C in one pulse due to its self-heating. This coating layer can work for more than 10 4 shots, then the emission ability degrades caused by ion bombardment. When the emission current is set to 8-10 A/cm 2 and plasma density is about 10 19 m −3 , which means a lower working temperature or lower discharge voltage, the cathode can work for more than 10 5 shots. The normal operation on the LMP device is 2 A/cm 2 to 6 A/cm 2 and the cathode can keep working for more than 10 7 shots. Fig.9 The cathode emission current density higher than 18 A/cm 2 observed on LMP with 5% Sc2O3 by weight in the coating mixture
Conclusion
A barium oxide coated cathode plasma source has been constructed on a linear magnetized device. The working temperature of the cathode is 750
• C-1000
• C. The source is operated in the pulse mode at a 1 Hz repetition rate with pulse length from 5 ms to 30 ms. The emission current density varies from 2 A/cm 2 to 6 A/cm 2 . Plasma density is up to 10 19 m −3 with a spatial nonuniformity of ±4%. The discharge current difference is less than 3% from pulse to pulse. The emission ability can be improved to 18 A/cm 2 when the emission material is mixed with 5% Sc 2 O 3 by weight. It can produce a large and uniform plasma column with density above 10 19 m −3 plasma for more than 10 4 shots. This plasma source provides a wide range of plasma parameters, which will provide enough flexibility for the investigation of many fundamental plasma issues.
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